Abstract-The ultrasonic vibration (UV)-assisted method, as an innovative nanomachining process, has competitive advantages compared to traditional atomic force microscopy (AFM) nanomachining methods. However, the mechanism of nanomachining by ultrasonic-assisted AFM is still unclear. Furthermore, the mathematical control model for the nanomachining process is still lacking. Therefore, the UV-assisted nanomachining process is difficult to control on the nanometer-thick film, and no additional work has been reported at this time. In this paper, the mechanisms of ultrasonic-assisted AFM subnanomachining have been analyzed by using a point-mass model for the dynamic AFM cantilever, and a mathematical model of ultrasonic subnanomachining has been established on the basis of these mechanisms. The subnanomachining experiments were carried out on a 5-nm-thick polystyrene thin film using AFM under sample UV conditions. The experimental results have shown that the amplitude of sample UV can regulate the subnanomachining depth. Finally, the simulation results from the mathematical model and the experimental results have been compared in this study.
and ion projection lithography [1] , [2] . These conventional methods are very expensive but insufficiently flexible for new developments outside of the traditional microelectronics industry [3] . On the contrary, new approaches to nanofabrication, such as nanoimprinting, molding [4] , embossing [5] , edge lithography [6] , and scanning probe lithography (SPL) [7] , are low cost and much more accessible [8] , [9] . In particular, the SPL method is well suited for scientific research by providing both fabricating and imaging at the atomic scale. As one of the most important SPL techniques, atomic force microscopy (AFM) has been applied in various fields, especially in the prototyping of small quantities of product [10] . The mechanical method using AFM is an effective and easy process for nanofabrication [11] , [12] . Kim and Lieber were the first to use the mechanical AFM method for nanofabrication [13] , and many studies on mechanical AFM scratching have since taken place. Most of these studies have focused on plough grooves in polymers, metals, semiconductors, and ceramics with Si, Si 3 N 4 , diamond-coated, or diamond tips in contact mode or tapping mode [14] [15] [16] [17] [18] [19] . With the rise in interest in both novel and biological materials, AFM nanomachining on graphene [20] and cell walls [21] have also been studied. However, direct AFM nanomachining is limited in fabrication speed and performance [22] . At the same time, the large normal force leads to considerable tip wear. Depth control of nanomachining by AFM mainly depends on the sample stiffness and cantilever spring constant [23] , and it is very difficult to control the machining depth for different materials. Dynamic plowing methods involving the use of a vibrating tip at its resonant frequency have been proposed in order to attempt to solve these problems [24] [25] [26] . However, the depth control of the dynamic approach is highly complex, and its fabrication ability is still limited because the vibration amplitude is very sensitive to the tip-sample interaction force [25] .
Ultrasonic vibration (UV)-assisted machining methods have been widely used to reduce friction and enhance the effectiveness and efficiency of machining in the conventional world [27] . Recent studies have shown that vibration at the nanoscale can also decrease the friction between the tip and the sample surface and effectively reduce tip wear [28] , [29] . Zhang and Dong [30] increased the speed and controllability of AFM nanomachining by using UV of a sample. They also performed experiments on polymethyl methacrylate (PMMA) and aluminum with a small setpoint value and reported that the fabrication depth is mainly controlled by the amplitude of sample vibration and insensitive to the sample materials [31] . Iwata et al. [32] combined AFM and a quartz-crystal resonator (QCR) to achieve an ultrasonic scratching method on a polystyrene (PS) thin film. Huang et al. [33] used AFM and a quartz-crystal microbalance (QCM) to perform UV-assisted AFM nanomachining on a Si wafer. However, for the realization of automatic machining with ultrasonic-assisted AFM, there is still an absence of a mathematical model for the machining depth and the UV amplitude. Although the mechanism of UV-assisted nanomachining with the force-distance curve and the enhancement in the cantilever's effective dynamic stiffness is explained, there are still no comprehensive and plausible mechanisms for the process of ultrasonic-assisted machining. Additionally, the ultrasonicassisted nanomachining step depth are all greater than 1 nm; therefore, the accuracy is not high enough for subnanomachining on a PS thin film, where the thickness is only approximately 5 nm.
In this paper, we model and analyze the ultrasonic-assisted AFM subnanomachining mechanism and carry out experiments to verify the mathematical model. According to the equivalent point-mass model of a continuous cantilever in AFM, we use a finite element analysis (FEA) to build a three-dimensional model of the AFM probe and calculate the equivalent mass and spring constant at certain vibration frequencies. On the basis of the equivalent point-mass model, the process of UV-assisted AFM machining is analyzed, and a mathematical model for the depth of ultrasonic machining and the amplitude of sample vibration is established. Furthermore, a 5-nm-thick PS thin film is machined using the UV-assisted AFM subnanomachining approach. The groove depth can be accurately controlled by the amplitude of UV of the sample at approximately 0.15 nm. A comparison of the simulation results of the mathematical model and the experimental data verify the correctness of our analysis and model.
II. MODELING AND ANALYSIS OF ULTRASONIC-ASSISTED AFM SUBNANOMACHINING
In the process of UV-assisted subnanomachining, the sample vibration is transmitted to the cantilever by the tip-sample interaction, which then makes the cantilever vibrate at the frequency of the sample vibration. Considering the dynamic properties of the cantilever, the traditional static model is not appropriate for the UV-assisted subnanomachining process. Therefore, a dynamic model for a continuous cantilever needs to be present in order to explain the ultrasonic subnanomachining process.
When the AFM cantilever vibrates at a certain frequency, the dynamics of the continuous AFM cantilever can be equivalent according to a point-mass model, considering that their kinetic and strain (potential) energies are the same (see Fig. 1 ). According to the equivalent point-mass model of the continuous AFM probe, the equivalent stiffness can be obtained by [34] as follows:
where K eq is the equivalent stiffness, V is the total strain energy of the cantilever, and q is the deflection of the cantilever tip. The equivalent mass (M eq ) can be obtained from the equivalent stiffness and vibration frequency by Fig. 1 . Equivalent point-mass model of a dynamic AFM cantilever. The AFM cantilever continuously vibrates z(t) because it is driven by sample vibration and has a total mass M and spring constant K. Considering that their kinetic and strain (potential) energies are the same, the equivalent model having an equivalent mass M e q and equivalent spring constant K e q can be acquired. where ω is the vibration frequency of the probe. Fig. 2 shows a schematic of the UV-assisted AFM subnanomachining process. At the beginning, the tip indents the sample with a certain preforce, and the sample then vibrates with the piezoelectric transducer (PZT) at a certain ultrasonic frequency. The amplitude of sample vibration is A u . If the cantilever is regarded as a simple point mass, the amplitude of vibration at the driving frequency should vanish in the limit of very high frequencies [35] . However, the cantilever can support high-frequency resonant modes, because cantilever is a micro elastic beam instead a point mass [36] [37] [38] . According to the Euler-Bernoulli beam theory, the modes with the lowest frequencies that can be excited are flexural oscillations, described by a fourth-order differential equation. An analytical solution of a beam bouncing on a nonlinear contact is not available, since the boundary conditions of the fourth-order differential equation are essentially nonlinear [38] . Therefore approximations in which the cantilever is assumed to be "dynamically frozen", when a sample high-frequency vibration is considered [30] . In most cases, such approximations account quite well for the main physical features [35] , including UV-assisted AFM subnanomachining method [30] . A collision occurs between the tip and the sample surface when the sample moves up to the tip at point A.
At this point, the ultrasonic machining force is very large because the relative speed between the tip and the sample surface is very high. When the sample moves to point B, the relative speed decreases to zero; thus, the effective ultrasonic machining process is between point A and point B. After point B, the sample moves down and detaches from the tip. The effective ultrasonic machining depth is D u = A u − Δdef , where Δdef is the static deflection caused by UV. When the sample surface is in contact with the tip at point A, the impact force of vibration makes the tip move at the same speed, v A , of the sample under ideal conditions, which involve no energy loss. When the sample surface is detaching from the tip at point B, the speed of the tip is v B . We assume that v B is zero because the cantilever is 'dynamically frozen'. During the ultrasonic machining process from point A to point B, the total kinetic energy is transformed into machining energy. For ease of calculation, we considered that the one-fourth of the sinusoidal sample motion included point A and point B to be linear. Thus, the equation of motion of the one-fourth period can be expressed as
where f u is the UV frequency.
According to the theorem of momentum, we can obtain the average force for ultrasonic machining from point A to point B as follows:
where v b = 0, and t b = 1/(4f u ). The normal force produced by the equivalent spring constant can be expressed [39] as follows:
therefore, the total ultrasonic machining force is
The relationship between the general machining force (F) and the general machining depth (D) can be approximated linearly. In macrotribology, the relationship between the horizontally projected area of the interface (A) and F is expressed by [40] 
where p * is the yield pressure of the 5-nm-thick PS thin film. The projected area of the contact interface can be expressed as
where r is the radius of the projected area. According to the geometric structure (Fig. 3) , it can be written as
When the radius of the AFM tip (R) is much larger than machining depth (D), (8) and (9) can be rewritten as A ≈ πRD (10) Fig. 3 . Schematic of the geometric structure of the machining process. When an AFM tip machines the sample surface from right to left, the projected area of contact interface between the tip and the sample is indicated by the shadowed region.
According to (7) and (10), the relationship between the machining depth and the machining force can be expressed as
where C = πRp * , which is constant for a given yield pressure of the fabricated material and the radius of the AFM tip.
In the ultrasonic-assisted AFM subnanomachining process, according to (11) , the ultrasonic machining force (F u ) can be express:
In this situation, we can determine the mathematical model for the UV-assisted subnanomachining depth (D u ) and UV amplitude (A u ) as follows by substituting (6) into (12):
In order to obtain the relationship between UV amplitude (A u ) and UV-induced machining depth (D u ), we transform this quadratic equation into the form of D u = F (A u ), and we can acquire two solutions. It is obvious that the machining depth value is positive, so we can have:
From (14), we can easily estimate the ultrasonic machining depth (D u ) based on the UV amplitude (A u ). Fig. 4 shows a schematic of the experimental setup for UV-assisted AFM subnanomachining. The experiments are performed with a Dimension 3100 AFM (Veeco Inc., Santa Barbara, USA) in conjunction with a Nanoscope IIIa controller (Digital Instruments, Santa Barbara, USA). An air tapping probe (TESP, Bruker Inc.) with a normal spring constant of 42 N/m and a tip radius of 8 nm is used for simultaneous imaging and 
III. SYSTEM IMPLEMENTATION

IV. EXPERIMENTAL RESULTS AND ANALYSIS
The subnanomachining experiments are performed using the UV-assisted AFM method on a 5-nm-PS thin film. According to the experimental results, we find that the depth of ultrasonic machining is approximately proportional to the UV amplitude at a certain vibration frequency. The ultrasonic machining depth can be controlled within 1 nm. Fig. 5 shows the experimental results for subnanomachining assisted by AFM. The pre-force is set as 43.24 nN with the setpoint value as 0.1 V. Without UV, the machining depth is 1.03 nm because of the low pre-force. By increasing the UV drivingsignal amplitude from 3 V to 5 V, the trench depth increases from 1.16 nm to 1.61 nm. We can see that the trench depth increases linearly with the driving-signal voltage. The machining depth caused by UV is only from 0.13 nm to 0.30 nm; thus, subnanomachining has been achieved by ultrasonic-assisted AFM.
To verify the effect of UV-assisted AFM machining and to compare the differences between ultrasonic-assisted and normal AFM machining, we also performed the AFM machining experiment without UV. These two experiments were performed with the same experimental parameters and conditions. Fig. 6 shows with and without UV. For example, the cantilever deflection is 17.32 nm without UV when machining a 1.6-nm-depth trench, but the deflection reduced to 1.32 nm with UV. In other words, the prenormal force without UV is 722.60 nN, but the force is reduced to 43.24 nN with UV. The difference in the machining force is caused by UV. At the same time, we can calculate the net machining depth and cantilever deflection produced by UV with different amplitudes. Fig. 7(b) shows the relationship between the UV driving voltage and the UV-induced depth/deflection.
To verify the plausibility and availability of the mathematical model for the UV-assisted AFM subnanomachining mechanism, the simulation results and experimental results need to be compared at the same time. In order to simulate the model for ultrasonic-assisted subnanomachining, the equivalent pointmass model of the AFM cantilever at a certain vibration frequency must be obtained.
Because the AFM cantilever's geometry is complex, and the tip mass cannot be ignored in our experiment, we determine the proper equivalent stiffness and mass by using a threedimensional FEA model to obtain the strain energy. To verify the availability, a three-dimensional FEA model of the TESP probe, the spring constant, and the resonant frequency of the FEA model are compared with the data provided by The Bruker Company [41] . The three-dimensional model of the TESP probe is shown in Fig. 8(a) . The simulated spring constant is 60 N/m, and it is within the range of 20 N/m to 80 N/m. The obtained resonant frequency is 382.3 kHz, and it is within the range of 230 kHz to 410 kHz. The FEA model of the TESP probe is valid for the equivalent model analysis. We chose a frequency of 800 kHz, which is much higher than the resonant frequency of the cantilever, as the sample vibration frequency to ensure that the cantilever remains in a "dynamically frozen" state during the machining process. According to the FEA results [ Fig. 8(b) ], we can determine the equivalent stiffness and mass of the TESP probe (see Table I ).
We can obtain the constant C (see Table I ) by using the nanomachining experimental data by AFM without sample UV Fig. 9 . Comparison of the simulation curve and experiment data. According to (14) , we can obtain a curve relating the ultrasonic machining depth and amplitude.
condition. With these parameters, the relationship between the ultrasonic machining depth and the UV amplitude can be simulated. Fig. 9 shows the simulation curve using (14) and the experimental data. When the UV-induced machining depth is less than 1 nm, the experimental and simulation data have a good consistency, and the experimental data can be fitted well by quadratic polynomial expression. Future work will possibly focus on the analysis of machining process at higher vibration amplitude since the linear relation may only be suitable for small vibration amplitude. From a comparison of simulation results and experimental data, we can conclude that the theoretical analysis and ultrasonic subnanomachining model are available and can be used for subnanomachining depth control to machine few-nanometer-thick thin films of polymers, graphene, and biomaterials.
V. CONCLUSION
In summary, the process of UV-assisted AFM machining is analyzed by using the idea of an equivalent point-mass model. The mathematical model is established to explain the relationship between the machining depth and the vibration amplitude. The experiment shows that the UV-assisted AFM machining approach can accurately regulate the machining depth at approximately 0.15 nm by controlling the UV amplitude of a sample on a 5-nm-thick PS thin film. Both the simulation results and experimental data verify the feasibility of the ultrasonic-assisted AFM subnanomachining method and the accuracy of our analysis and model. This approach and analysis can also be used in machining thin films of other materials such as graphene, biomembranes, and similar materials. The analysis mechanism and mathematical model can also be referenced in other experiments using the method of UV of the sample. This UV-assisted AFM machining method provides a novel way to achieve subnanomachining and plays a pivotal role in the development of nanofabrication.
